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CLIMATIC ATLAS OF THE DELAWARE RIVER BASIN

By CAROL B. JENNER and HARRY F. LINS

ABSTRACT

The Delaware River basin is a diverse physiographic, hydrologic, and 
climatic region. The Delaware River serves as a major source of water 
for nearly 20 million people both in and outside the basin. Questions 
associated outside the variability of climate, the potential for climate 
change, and attendant implications for water resources and supply 
across this region in the coming decades require that there first be 
an appraisal of current climate conditions. To this end, graphs and maps 
for average monthly, seasonal, and annual values of temperature and 
precipitation across the basin during the period 1950-79 have been 
compiled in atlas form. Additional variables, including water budget 
terms, drought, cloud cover, hurricanes, and others have also been 
graphed and mapped.

INTRODUCTION

During the past decade the United States has been 
plagued by a series of anomalous weather events that 
have included record low snowfall for portions of the 
Western mountains, drought in the Northeast, extreme 
precipitation amounts in the Southwest, Great Basin, 
and Northern Great Lakes regions, and record cold and 
snowfall over much of the East. The effects of these 
events have been felt by virtually everyone, and the Na 
tion's agricultural, construction, and industrial sectors 
have been affected adversely.

Variability is a natural part of climate, and the ex 
treme conditions of the last several years may be a part 
of normal climatic variability. They may, however, be a 
manifestation of a slightly changing climate. Most 
climatologists agree that Northern Hemisphere near- 
surface temperatures over land increased by about 
1.1 °F from the late 19th century to the 1940's and then 
decreased into the early 1970's (Reitan, 1974; Brink- 
mann, 1976). Undoubtedly, other climatic variables also 
changed over this period; the precise nature of these 
changes is unknown because of a lack of appropriate data 
collection prior to the late 1940's.

Brinkmann (1979) has analyzed a Northern Hemi 
sphere temperature curve that was determined using 
280 stations having long-term records. When the in 
dividual records that contributed to the hemispheric 
curve were analyzed, it was found that some of those 
local records were in phase and some were out of phase 
with the average trend. For most of central and eastern 
North America, the temperature trends have paralleled

the Northern Hemisphere average in a slightly ampli 
fied form. However, even the amplified local temperature 
changes seem minor. The importance of seemingly in 
significant changes in average temperature is illustrated 
by Bryson and Murray (1977), who state that "an in 
crease of 1 °C in summer temperatures in the northern 
plains can reduce the gross dollar of the spring wheat 
farmers by $131 million. ..."

The importance of climatic information as an input to 
decisionmaking and research is being recognized in 
many fields that previously had ignored such data. Un 
fortunately, although massive amounts of climatic in 
formation are readily available from established govern 
ment sources, these data are quite often not in a readily 
usable form. The most widely used average values of 
climatic data are climatic "normals." The normal value 
for a climatic parameter (such as January precipitation 
at a station) is defined as the average of that parameter 
over a three-decade period. Climatic normals are revised 
every 10 years. Values currently available for the United 
States cover the 1951-80 period. Although the use of 
average values of climatic parameters may provide suf 
ficient climatological information for some applications 
in other fields, these values often do not give an adequate 
picture of climatic variability. In addition to mean values 
of temperature, precipitation, and so on, some idea of 
extreme values and frequencies of specific events would 
be of great importance in many research and planning 
decisions.

The purpose of this atlas is to present, in a form usable 
by planners, administrators, and policymakers, climatic 
information pertaining to one major watershed within 
the United States the Delaware River basin. Data 
sources for the climatic information are the numerous 
publications of the National Oceanic and Atmospheric 
Administration.

The atlas incorporates several features that typically 
have not been included in other climatic data presenta 
tions. It discusses a naturally defined region (a drainage 
basin) rather than a region defined by political bound 
aries. Climatic variability is discussed with climatic 
average conditions. Finally, although it is impossible and 
impractical to analyze all combinations of climatic 
parameters, associations between temperature and pre 
cipitation are presented through the use of water-budget 
analysis.
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PHYSICAL SETTING

The Delaware River basin is diverse in topography, 
economic activity, and land use. The basin is approx 
imately 270 mi in length and contains some 7 million 
residents. It includes large industrial complexes and ur 
ban areas of extremely high population density as well 
as extensive farmland and wetland areas.

The basin includes portions of low, flat coastal plain 
and rolling Piedmont hills, the striking northeast- 
trending ridges of the ridge-and-valley section and the 
Catskills, the Poconos, and the Kittatinny Mountains of 
the Allegheny Plateau. Land-use patterns in the region 
are changing in response to urbanization and indus 
trialization and, in part, as a result of changing lifestyles 
and the search for recreational opportunities (fig. 1).

The area is one of conflict between economic and en 
vironmental interests (United States Council on En 
vironmental Quality, 1975). The controversy has been 
accentuated in recent years by increasing demands for 
fuel combined with shortages in high-quality fuel supply 
and record cold winters. The critical nature of water 
supply and demand was emphasized in 1980 and again 
in 1984-85 when severe drought conditions developed 
throughout the basin.

Major physiographic features of the Delaware River 
basin are shown in figure 2.

DATA COMPILATION

This atlas of the Delaware River basin focuses on the 
climatic conditions for the 1950-79 period. All average 
values have been calculated for that period. In addition 
to average values for the period, time series of individual 
yearly values are graphed for representative stations. 
Thus average values as well as year-to-year variability 
in climatic parameters are presented. When this atlas 
was being prepared during 1980, severe drought condi 
tions developed in the Delaware River basin. The 1980 
climatic data have been included in the sections on 
drought. Information on the 1984-85 drought, however, 
has not been included. For more information on this 
event, readers are referred to a recent paper by Harkness 
and others (1986).

Data for the atlas came from readily available pub 
lished sources, mainly climatological data for individual 
States and "Climatological Data, National Summary," 
published by the Environmental Data Service of the 
National Oceanic and Atmospheric Administration 
(NOAA).

For most of the stations included in this report, temper 
ature and precipitation data are collected daily by 
volunteer cooperative observers. At a few selected first- 
order stations, usually located at major airports, NOAA 
personnel collect and record a much more comprehen-

FIGURE 1. Pastureland and agricultural fields west of Philadelphia, Pa., are typical of the Piedmont region of the
central Delaware River basin.
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sive set of climatological data. All of this information 
is published on a statewide basis.

Records are generally of high quality. One difficulty 
encountered when using this network was that some of 
the stations had been relocated during the period of 
study. Stations that experienced major changes in loca 
tion during the 1950-79 period were omitted from this 
study.

Occasionally, station data were missing or unreported 
in the published sources. A station was omitted from this 
analysis if 10 percent or more of the monthly average 
temperature or precipitation values were missing. In the 
case of a station with a few missing values, these values 
were estimated by means of regression relations devel 
oped using the appropriate time series of data from near 
by stations.

In all, 49 stations provided temperature data, and 82 
stations provided precipitation data. Station locations 
are plotted on figure 3. For the time series plots of yearly 
data, four stations, Georgetown, Del., Indian Mills, N.J., 
Belvidere, N.J., and Hawley, N.Y., were chosen to make 
up a north-south transect within the basin. For depiction 
of more specialized climatological data collected and (or) 
published for first-order stations only, Wilmington, Del., 
Allentown, Pa., and Binghamton, N.Y., were selected.

All contour maps were constructed by the University 
of Wisconsin Cartographic Laboratory using the 
weighted-distance contouring algorithm of the computer- 
mapping package WISMAP.
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34.
35.
36.
37.
38.
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40.

41.

STATION KEY

Norwich, N.Y.
Kortright 2, N.Y.
Stamford, N.Y.
Lake Delaware, N.Y.
New Kingston, N.Y.
Binghamton WSO AP, N.Y.
Arkville 2W, N.Y.
Deposit, N.Y.
Frost Valley, N.Y.
Claryville, N.Y.

Equinunk 2WNW, N.Y.
Grahamsville, N.Y.
Liberty 1NE, N.Y.
Mohonk Lake, N.Y.
Pleasant Mount 1W, Pa.
Honesdale 4NW, Pa.
Hawley, Pa.
Paupack 2WNW, Pa.
Hollisterville, Pa.
Port Jervis, N.Y.

West Point, N.Y.
Matamoras, Pa.
Wilkes-Barre 4NE, Pa.
Gouldsboro, Pa.
Sussex 1SE, N.J.
Long Pond 2W, Pa.
Newton, N.J.
Charlotteburg Reservoir, N.J.
Freeland, Pa.
Stroudsburg, Pa.

Kresgeville 2W, Pa.
Boonton 1SE, N.J.
Tamaqua 4N Dam, Pa.
Lehighton, Pa.
Belvidere, N.J.
Palmerton, Pa.
Tamaqua, Pa.
Long Valley, N.J.
New Tripoli 4E, Pa.
Allentown WSO AP, Pa.

Claussville, Pa.

42.
43.
44.
45.
46.
47.
48.
49.
50.

51.
52.
53.
54.
55.
56.
57.
58.
59.
60.

61.
62.
63.
64.
65.
66.
67.
68.
69.
70.

71.
72.
73.
74.
75.
76.
77.
78.
79.
80.

81.
82.

Port Clinton, Pa.
Flemington 3E, N.J.
Strausstown, Pa.
Zionsville 3SE, Pa.
Palm 3SE, Pa.
Myerstown, Pa.
Reading 3N, Pa.
Lambert ville, N.J.
Doylestown, Pa.

Hightstown 2W, N.J.
Freehold, N.J.
Graterford IE, Pa.
George School, Pa.
Trenton WSO CI, N.J.
Ephrata, Pa.
Neshaminy Falls, Pa.
Phoenixville IE, Pa.
Norristown, Pa.
Devault 1W, Pa.

Conshohocken, Pa.
Coatesville, 1SW, Pa.
West Chester 1W, Pa.
Moorestown, N.J.
Drexel Institute, Pa.
Pemberton 3S, N.J.
Philadelphia WSO AP, Pa.
Audubon, N.J.
Chadds Ford, Pa.
Holtwood, Pa.

Marcus Hook, Pa.
Indian Mills 2W, N.J.
Porter Reservoir, Del.
Newark, Del.
Wilmington WSO AP, Del.
Hammonton 2 NNE, N.J.
Shiloh, N.J.
Dover, Del.
Milford 2WSW, Del.
Lewes 1SW, Del.

Bridgeville 1NW, Del.
Georgetown 5SW, Del.
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FIGURE 3. Numbers on the map represent locations of climato- 
logical stations. All provide Delaware River basin study pre- 
cipitation data. Those numbers identified by bold print provide 
temperature data as well. Station key is on facing page.
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CLIMATIC VARIABILITY

CIRCULATION OF THE MIDLATITUDES

Energy imbalances between tropical and polar regions 
exist because of variations in solar energy receipt. To 
resolve these imbalances, transfer of energy poleward 
from equatorial areas, across the middle-latitude regions, 
is necessary. It is the function of the atmospheric circula 
tion system to achieve this transfer of energy. The 
middle-latitude regions are the zones across which the 
maximum amount of energy transfer is accomplished. 
At the surface, much of this energy transfer takes place 
at the polar front, the boundary between air masses of 
polar origin and those of the warmer, more humid 
tropics. Migrating cyclonic systems form and migrate 
along the polar front and achieve energy transfer 
through the mixing of the contrasting air masses. 
Horizontal waves in the upper level westerlies, which are 
also important for the meridional transfer of energy, are 
connected to the low-level cyclonic systems.

It is convenient to consider flow at levels above the fric- 
tional influence of the surface when examining circula 
tion characteristics in the midlatitudes. Atmospheric 
pressure decreases with height above the surface. Up 
per air data are collected at numerous points above the 
Earth's surface corresponding to particular values of at 
mospheric pressure rather than to specific elevations 
above sea levels. Two of these levels, the 700-millibar 
level at around 10,000 ft and the 500-millibar level at 
about 18,000 ft, are frequently chosen when discussing 
upper air relations with surface weather. The actual 
height of each surface varies spatially at a given time, 
related to thermal and dynamic causes. Thus for every 
station in an upper air data network, information col 
lected includes the elevation of each significant pressure 
surface (mean sea level) as well as temperature, humid 
ity, and wind information.

The height at which a significant atmospheric pressure 
value occurs varies spatially, and the topography of a con 
stant pressure surface is frequently depicted by isolines 
of constant elevation above mean sea level. On such 
maps, relatively high contour heights are associated 
with relatively high atmospheric pressure and a rela 
tively warm atmospheric column. Relatively low contour 
heights are associated with low pressure and a relatively 
cool atmospheric column. Zones of steepest slopes on the 
constant pressure surface are zones of strongest at 
mospheric temperature gradient in the horizontal.

At upper levels, the forces affecting atmospheric mo 
tion are the pressure gradient force, which causes flow 
from high to low pressure areas, and the Coriolis de 
flection, which acts to the right of the flow in the 
Northern Hemisphere. The equilibrium flow in the up 
per levels, away from frictional effects of the Earth's sur

face, is parallel to the height contours of a constant 
pressure surface with low pressure to the left of the 
airflow path (in the Northern Hemisphere). Thus, by 
examining the topography of a constant pressure surface, 
one can determine the associated airflow pattern.

The height of the 700-millibar surface over North 
America for a typical summer day is shown in figure 4. 
The contour lines exhibit wavelike irregularities, but in 
general the 700-millibar surface slopes downward from 
south to north. The steepest slopes in the 700-millibar 
surface, associated with the steepest atmospheric 
pressure and temperature gradients, occur in the Gulf 
of Alaska and off the Newfoundland coast. These areas 
are patterned in figure 4. The steepest pressure gra 
dients over the continent occur in southern Canada and 
are associated with the summer polar front. The arrows 
in figure 4 indicate the direction of airflow. In this situa 
tion, where the wind is flowing in an almost perfect west- 
to-east fashion, the flow is termed "zonal."

An example that contrasts greatly with the zonal 
situation discussed above is shown in figure 5, which 
depicts a 700-millibar surface for a typical winter day. 
Here again, the highest 700-millibar surface heights are 
found in the southern areas, and the lowest heights oc 
cur in the north. A parcel of air embedded in the 
associated airflow would, in the long run, be transported 
from west to east. A well-developed wave with a "ridge" 
of relatively high pressure above western Canada and

0 400 800 MILES

0 400 800 KILOMETERS

FIGURE 4.  Typical summer daily 700-millibar height contours (in 
feet) above North America. Steepest slopes in the 700-millibar 
surface associated with steepest atmospheric pressure and tem 
perature gradients are patterned. Arrows indicate direction of 
airflow.



CLIMATIC VARIABILITY

a "trough" of relatively low pressure extending from 
Hudson Bay into the southeastern United States is 
shown in figure 5. A strong northerly component to the 
airflow is present at point A, and a strong southerly com 
ponent exists at point B. This is a good example of strong 
"meridional" flow.

RELATION OF UPPER AIR FLOW TO SURFACE WEATHER

The circulation at upper levels appears to be a much 
smoothed-out version of the familiar surface weather 
map. It has considerable influence on weather conditions 
at the surface.

Temperature conditions in the atmospheric column are 
related to the height of a particular pressure surface. In 
a cold column of air, atmospheric pressure decreases 
relatively rapidly with height, and the 700-millibar 
height is relatively low. In a warm air column, the 
pressure decrease with height is less, and the 
700-millibar surface is at a relatively high altitude above 
sea level.

The polar front, the belt of strongest westerly winds, 
marks the zone of sharp contrast in air mass temper 
atures, separating relatively cool (or cold) air of polar 
origin from warm tropical air masses. The position of the 
polar front and the nature of the horizontal wave pat-

400 800 MILES

0 400 800 KILOMETERS

FIGURE 5. Typical winter daily 700-millibar height contours (in 
feet) above North America. Steepest slopes in the 700-millibar 
surface associated with steepest atmospheric pressure and 
temperature gradients are patterned. Arrows indicate direction 
of airflow. A strong northerly component to airflow is present at 
point A. A strong southerly component to airflow is present at 
point B.

tern of the upper level flow are important in determining 
temperature characteristics at the surface.

The upper level circulation also has an important af 
fect on precipitation patterns. The contours shown in 
figure 6 represent a typical ridge-trough configuration 
in upper level airflow. Areas ahead of the trough favor 
convergence and upward motion near the surface and 
thus encourage precipitation. Migrating cyclonic systems 
tend to form in these areas and are subsequently steered 
by the general upper level flow. Areas behind the trough 
are areas of subsidence and divergence and tend to be 
regions of little precipitation.

The location of upper level troughs is very important, 
therefore, in affecting precipitation receipt. A slight 
change in the average position of a trough can result in 
serious precipitation deficits in one area and abnormally 
high precipitation totals in another. 
General Characteristics for North America. Wave trough 
and ridge axes may be located at any latitude. Typically 
three to seven waves exist around the hemisphere at one 
time. Ridges and troughs seem to have preferred loca 
tions related to mechanical and thermal influences. 
North-south-trending mountain ranges, such as the 
Rocky Mountains, cause convergence in the vertical of 
air flowing from the west to east. If constant absolute 
vorticity of the airflow is to be maintained, clockwise 
airflow should occur to the lee (east) of the barrier. This 
is a partial explanation for the frequent occurrence of 
a ridge over western North America. Thermal charac 
teristics, such as contrast between a snow-covered land 
mass and nearby, relatively warm ocean waters, can 
often contribute to the anchoring of an atmospheric wave

FIGURE 6. Relations between the upper level airflow pattern (solid 
arrows), paths of cyclonic systems (dashed arrows), and precipi 
tation (shaded areas). After Harman, 1971.
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pattern. Fixing in unusual locations results in anom 
alous weather associated with all parts of the wave.

During winter, circulation in North America is 
vigorous with well-defined wave patterns and sharp 
boundaries between contrasting air masses. Migrating 
storms are steered in rapid succession along tracks 
related to the prevailing upper air flow. In summer the 
circulation weakens, and the strongest westerlies occur 
at the latitude of southern Canada. Only rarely do 
vigorous cyclonic systems affect the middle latitude 
regions of the continental United States during summer.

ATMOSPHERIC CIRCULATION AND CLIMATIC VARIABILITY

On very short time scales, anomalous weather events 
may be associated with unusual upper level circulation 
features. The January 19, 1977, extreme cold weather 
along the Atlantic Coast is one such example. The up 
per air charts for that day (fig. 7) show extremely strong 
pressure gradients with a deep trough centered over 
Eastern Canada. This caused the rapid transport of polar 
air to the Southeastern United States. Adding to the ex 
treme effect was the cold weather in the Midwest and 
South that had preceded this event. This upper air cir 
culation resulted in airflow over abnormally cold land 
surfaces; snow flurries occurred in the Miami, Fla., area. 
During the same period, the Gulf of Alaska experienced 
record high temperatures because of an unusually strong 
southerly flow component (Wagner, 1977).

If unusual upper level circulation features recur or per 
sist within a several-week period, the effect may appear 
in monthly average pressure and airflow conditions as 
well as in surface temperature and precipitation 
averages. A good example is the case of January 1978 
(see fig. 8). During this month, a persistent anomalous 
upper air flow, which featured an eastern seaboard 
trough displaced slightly west of normal, resulted in high 
precipitation totals in the Eastern United States. A 
series of cyclonic systems formed along the Gulf Coast 
and moved eastward and northward along the Atlantic 
Coast. Average monthly temperatures were far below 
normal over the United States east of the Rocky Moun 
tains. Record or near-record precipitation totals were 
received over much of the eastern half of the country 
(Wagner, 1978).

On even longer time scales, a series of anomalous years 
can result in decadal averages significantly different 
from the norm. The three winters of 1976-77, 1977-78,

400 800 MILES
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FIGURE 7. Shown are 500-millibar height contours (in feet) above 
North America on January 19, 1977. (From U.S. Department of 
commerce, NOAA, Daily Weather Map Series.)

and 1978-79 with accompanying record cold and 
snowfall will certainly dominate the climatic picture of 
the 1970's for most of the Eastern United States.

Evidence indicates that some individual circulation 
anomalies can be traced from season to season and 
sometimes from year to year. Several examples of self- 
perpetuating mechanisms operating between sea 
surface-temperature anomalies and circulation anom 
alies have appeared in the literature. Namias (1974) has 
suggested that the unusual weather events of the 
1972-73 water year might be related to anomalous sea 
surface temperatures in the Pacific. Namias (1966) has 
also pointed out that the 1962-65 drought that affected 
the Northeast was associated with an eastward displace 
ment of the trough normally situated along the east 
coast. The anomalous flow component affecting the 
Northeast was from the northwest, and an unusually 
warm, dry airflow resulted. Namias suggests that a pool 
of unusually cool water off the Atlantic coast might have 
stabilized the drought pattern.

The unusually high amplitude wave over North 
America (see figs. 7 and 8), which prevailed for three 
winters (1976-77, 1977-78, and 1978-79), may have 
been related to persistent sea surface-temperature 
anomalies in the Pacific Ocean.
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FIGURE 8. Monthly mean 700-millibar height contours (in dekameters) above the Northern Hemisphere for January 1978 
(from Wagner, 1978). Contour interval is 3 dekameters (98.4 feet). H, high; L, low.
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CLIMATIC CHARACTERISTICS OF 
THE DELAWARE RIVER BASIN

The weather in the Delaware River basin is character 
ized by the seasonal weather changes typical of a tem 
perate humid climate. The Atlantic Ocean to the east 
moderates temperature extremes to a certain extent, but 
this effect is not always evident because prevailing winds 
are westerly. Annual precipitation totals range from 35 
to 40 in. in the southern and western portions of the 
basin to over 50 in. in the northern areas, where terrain 
effects are apparent. Storms moving parallel to the 
Atlantic coast from the Gulf of Mexico are important 
precipitation-producing systems during the winter 
months. In summer, warm, moist air is circulated into 
the area by the Bermuda high and scattered convective 
showers contribute the bulk of the precipitation. Occa 
sional tropical storms move into the area. The high rain 
fall totals associated with these systems interrupt the 
otherwise even distribution of precipitation through the 
year.

In general, cold month average temperatures are 
slightly above freezing in the southern portions of the 
basin and about 25 °F in the north. Warm month 
average temperatures range from 70 °F to almost 80 °F. 
During all times of the year, local influences can have 
profound effects on temperature. Cold air drainage, ur 
ban heat-island effects, oceanic influences, and altitude 
all play a role in determining temperature regimes 
within the basin.

TEMPERATURE

The following series of illustrations shows average 
monthly and seasonal temperature characteristics for 
the stations in the Delaware River basin counties. Ac 
companying each map are times series plots for four sta 
tions selected to follow a north-south transect within the 
basin.

Cooperative observers record daily maximum and 
minimum temperatures from instruments housed in 
shelters approximately 4 ft above the ground. The

average daily temperature is calculated as the average 
of the two daily extreme values. The monthly average 
temperature is the average of these daily values. In in 
terpreting the maps and applying any of these data to 
a specific problem, allowance for local influences on 
temperature should be made. In areas of little relief and 
extensive, homogeneous land cover, the air temperature 
measured at a station may well represent a much larger 
area around the station. In areas of high relief, however, 
there may be rather great differences in thermal 
characteristics of a valley and those of adjacent ridgetops. 
Slope and exposure of a surface affect the amount of solar 
radiation absorbed and the amount of surface heating; 
great variability may exist in a small area when relief 
features are pronounced, as in the northern portions of 
the Delaware River basin (see fig. 9). In general, 
temperature decreases with altitude. However, under cer 
tain weather conditions accompanied by clear skies and 
calm winds, cool air tends to flow toward low spots in 
the terrain. Then temperature inversion conditions ex 
ist and valleys are actually cooler than adjacent ridges. 
If sufficient moisture is present in the atmosphere, fog 
may form in the cooler air of lower elevations.

The land cover and land use around a station also in 
fluence the representativity of temperature measure 
ments taken. Local surface characteristics such as re 
flectivity of incoming solar radiation (albedo), thermal 
conductivity and heat capacity of the surface materials, 
and moisture characteristics determine the amount of 
incoming solar radiational energy that ultimately is 
used to heat the atmosphere above the surface. A great 
contrast in these parameters exists between typical ur 
ban surfaces and vegetated rural surfaces. Differences 
in surface characteristics and building geometry along 
with emission of waste heat by industry and by domestic 
heating result in urban temperatures being higher, on 
the average, than temperatures recorded in the sur 
rounding rural countryside. In the Delaware River basin, 
the urban influence on temperature is dramatically il 
lustrated in the Philadelphia, Pa., area.
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FIGURE 9. The rugged terrain of the Catskill Mountains in the New York portion of the Delaware River basin leads to great 
variability in temperature and precipitation characteristics over small areas.
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AVERAGE ANNUAL TEMPERATURE

The influences of latitude, station elevation, and ur 
banization affect the distribution of annual average 
temperature within the Delaware River basin (figs. 10 
and 11). A systematic latitudinal decrease in 
temperature in the southern portion of the basin is in 
terrupted by the urban heat-island effect in the 
Philadelphia area. In the northern half of the basin, 
significant terrain effects result in relatively low average 
annual temperatures in the high elevations of the 
Poconos and the Catskills. The Delaware stations 
generally have average temperatures in the 54-55 °F 
range, and the stations in the northern portion of the 
basin show averages in the 44-46 °F range. Dover, Del., 
has the highest average annual temperature of 56.2 °F; 
Pleasant Mount, Pa., has the lowest average annual 
temperature of 42.9 °F. Time series plots (fig. 10) of the 
annual values for the four representative stations show 
the year-to-year variability in this parameter.

HAWLEY, PA.
MAXIMUM 48.3° F

MINIMUM 43.9° F

MEDIAN 4S.7°F

MEAN 4S.7°F

'STANDARD DEVIATION

50 52 54 56 58 60 62 64 66 
YEARS

68 70 72 74 76 78
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BELVIDERE, N.J.

MAXIMUM 54.1° F 

MINIMUM 47.9°F 

MEDIAN S0.1°F 
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GEORGETOWN, DEL.

MAXIMUM 57.5°F 

MINIMUM 53.4°F 

MEDIAN 55.2° F 

MEAN 55.3° F 
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INDIAN MILLS..N.J.
MAXIMUM S1.0°F 
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MEDIAN S2.8°F 

MEAN S2.8°F 
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50 52 54 56 58 60 62 64 66 68 
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FIGURE 10. Average annual temperature at four stations in the Delaware River basin, 1950-79.
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AVERAGE DECEMBER TEMPERATURE

Average temperatures during December range from 
over 38 °F in the south to 24 °F at Pleasant Mount, Pa., 
in the north (figs. 12 and 13).

The time series plots (fig. 12) indicate a return to the 
high degree of year-to-year variability associated with 
the winter months.
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FIGURE 12. Average December temperatures at four stations in the Delaware River basin, 1950-79.
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50

AVERAGE JANUARY TEMPERATURE

January mean temperature conditions are plotted and 
mapped in figures 14 and 15. A steep south-to-north 
temperature gradient in January mean temperature is 
shown in the contour map (fig. 15). Stations in the 
southern part of the basin average 35-36 °F, and the 
northern stations average less than 22 °F. The heat- 
island effect of the Philadelphia urban area is again evi 
dent. In addition, temperature patterns in the northern 
half of the basin are significantly affected by the high 
elevations of the Catskills and the Poconos.

Time series plots of the annual values (fig. 14) provide 
a graphical impression of the year-to-year variability in 
January mean temperature. Especially noteworthy in 
these series are the very high average temperatures ex 
perienced at all locations in the early 1950's and the 
record low values of January 1977.
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FIGLRE 14. Average January temperatures at four stations in the Delaware River basin, 1950-79.
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AVERAGE FEBRUARY TEMPERATURE

The month of February shows the greatest range in 
average temperatures throughout the basin (figs. 16 and 
17). Southern Delaware stations average 35-37 °F, and 
the northern stations show average temperature less 
than 22 °F. The urban influence at Philadelphia is 
marked.

Annual time series plots (see fig. 16) show a series of 
warm Februaries in the early 1950's and particularly 
cold temperatures in 1978 and 1979.
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FIGURE 16. Average February temperatures at four stations in the Delaware River basin, 1950-79.



TEMPERATURE 19

>"** . V *»,¥ -  * . "1  >vn.-.'-v ls W f̂ \"f ! 
/' ^C^ /* ' \^*& )*»&<& - A
/ t^/. ̂ ^ l> ^sfeZ^S

' ,-'- i- *v / -^-" ^O^" i X ^
/\ Mjrr^kjw 

*» * ». ww^«- V

EXPLANATION

Temperature, in degrees 
Fahrenheit

50 MILES 
I

50 KILOMETERS

BASE FROM U.S. GEOLOGICAL SURVEY 
UNITED STATES BASE MAP, 1970

FIGURE 17. Distribution of average February temperatures in the 
Delaware River basin.



20 CLIMATIC ATLAS OF THE DELAWARE RIVER BASIN

AVERAGE MARCH TEMPERATURE

The range in average temperature over the Delaware 
River basin in March is from values below 32 °F in the 
northern counties to values in the 42-44 °F range in the 
south (figs. 18 and 19). The lowest average March 
temperature is 29.0 °F at Pleasant Mount, Pa.; the 
highest average temperatures of 44.2 °F are at Milford 
and Dover, Del.

Time series plots are shown in figure 18. The month 
of March 1960 was particularly cool at all four of the 
transect stations as well as over most of the United 
States east of the Rockies. This was a result of the 
development and persistence of a particularly deep 
trough along the East Coast. An unusually strong 
northerly flow was associated with this trough and the 
entire Eastern United States was dominated by a persis 
tently cold air mass (Dunn, 1960).
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FIGURE 18. Average March temperature at four stations in the Delaware River basin, 1950-79.
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Delaware River basin.
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AVERAGE APRTL TEMPERATURE

As the hemispheric temperature gradient weakens, so 
does the contrast in temperatures along the north-south 
axis of the Delaware River basin. April average temper 
atures range from greater than 54 °F in the south to less 
than 44 °F in the northern areas (figs. 20 and 21). Ur 
ban effects are evident in the Philadelphia area.

Time series plots for April are shown in figure 20.
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FIGURE 20. Average April temperatures at four stations in the Delaware River basin, 1950-79.
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AVERAGE MAY TEMPERATURE

May average temperatures range from less than 
54 °F to over 62 °F depending on latitude (figs. 22 and 
23). The Philadelphia urban heat-island effect is 
apparent.

Particularly low May average temperatures occurred 
at all stations in 1967. An unusually deep trough was 
situated along the eastern seaboard during the first half 
of that month. Associated with it was a strong northerly 
flow component that resulted in relatively cool tem 
peratures along the east coast. Trenton, N.J., in the 
Delaware basin, experienced the coldest May since 1917 
(Stark, 1967).

Time series plots for May are shown in figure 22.
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FIGURE 22. Average May temperatures at four stations in the Delaware River basin, 1950-79.
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FIGURE 23. Distribution of average May temperatures in the 
Delaware River basin.
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AVERAGE JUNE TEMPERATURE

In June, average temperatures in the Delaware River 
basin range from less than 63 °F to over 72 °F. (figs. 24 
and 25).

Time series plots (fig. 24) indicate low year-to-year 
variability during the 1960's at the two stations in the 
southern part of the basin, Georgetown, Del., and Indian 
Mills, N.J.
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FIGURE 24. Average June temperature at four stations in the Delaware River basin, 1950-79.
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FIGURE 25. Distribution of average June temperatures in the 
Delaware River basin.
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AVERAGE JULY TEMPERATURE

July is the month associated with the mildest 
latitudinal temperature gradient over the Northern 
Hemisphere and within the Delaware River basin 
(figs. 26 and 27). The highest average temperature is 77.7 
°F at Marcus Hook, Pa., a station within the 
Philadelphia metropolitan area; coolest average temper 
atures occurred at Pleasant Mount, Pa., with a mean 
July temperature for the 30-year period of 65.1 °F.

Time series plots (fig. 26) indicate low year-to-year 
variability when compared with those of winter months.
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FIGURE 26. Average July temperatures at four stations in the Delaware River basin, 1950-79.
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FIGURE 29. Distribution of average August temperatures in the 
Delaware River basin.



CLIMATIC ATLAS OF THE DEIAWARE RIVER BASIN

HAWLEY, PA.

AVERAGE SEPTEMBER TEMPERATURE

Pleasant Mount, Pa., has the lowest average 
September temperature in the basin at 56.4 °E Highest 
averages are shared by Dover, Del., and Drexel Institute 
in Philadelphia at slightly over 69 °F 
(figs. 30 and 31). The Philadelphia heat island is ap 
parent on the September average temperature map.

Time series plots for September are shown in 
figure 30.
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FIGURE 30. Average September temperatures at four stations in the Delaware River basin, 1950-79.
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AVERAGE OCTOBER TEMPERATURE

October average temperatures range from over 58 °F 
at Dover, Del., and at Drexel Institute to 43.3 °F at Plea 
sant Mount, Pa., in the north (figs. 32 and 33). The ur 
ban effect of Philadelphia is apparent.

Time series plots for October are shown in figure 32.
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FIGURE 32. Average October temperatures at four stations in the Delaware River basin, 1950-79.
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AVERAGE NOVEMBER TEMPERATURE

Average temperatures in November range from 46-48 
°F in the south to 36-38 °F in the north (figs. 34 and 35).

The month of November 1976 averaged well below the 
1950-79 mean November temperature value at all sta 
tions. As in situations previously described, this was 
related to an unusually deep East Coast trough that 
resulted in advection of cold air from high latitudes into 
the Eastern United States (Dickson, 1977).

Time series plots for November are shown in figure 34.
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FIGURE 34. Average November temperatures at four stations in the Delaware River basin, f 950-79.
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AVERAGE WINTER TEMPERATURE

Average temperatures for the winter season are plotted 
and mapped in figures 36 and 37. The map of average 
December-February temperatures is a composite of the 
individual monthly maps (fig. 37). In the southern half 
of the basin, the latitudinal decrease in average 
temperature is evident as is the Philadelphia urban 
heat-island effect. In the northern part of the basin, 
elevation differences and alignment of topographic 
features combine with the effects of distance from 
continental and oceanic influences to produce a 
temperature-distribution pattern skewed to that of the 
southern half of the basin. Average temperatures for 
winter range from values of 22 to 24 °F in the northern 
sector to over 36 °F in the southern portions of the basin.

Because of the steep hemispheric temperature gra 
dient that develops during winter, slight shifts in the 
midlatitude circulation features from one year to the 
next may result in significant departures from expected 
temperature values for midlatitude locations. Thus, the 
time series graphs (fig. 36) for winter temperatures in 
the Delaware River basin indicate considerable year-to- 
year variability. A slight decrease in average winter 
temperature is evident at all four transect stations 
during the 1950's and 1960's. The winters of 1971-72 
through 1975-76 were relatively warm. The cold 
temperature conditions of the following three winters 
(1976-77 through 1978-79) are reflected in the graphs.
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FIGURE 36. Average winter (December-February) temperatures at four stations in the Delaware River basin, 1950-79.
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FIGURE 37. Areal distribution of average winter (Decem 
ber-February) temperatures in the Delaware River basin.
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AVERAGE SPRING TEMPERATURE

Average spring (March-May) temperatures range from 
over 54 °F to less than 42 °F (figs. 38 and 39). The 
Philadelphia area exhibits average temperatures of up 
to 2 °F warmer than outlying areas at the same latitude.

Less year-to-year variability exists in average spring 
temperature than in average temperature for the winter 
months. No year or period of years stands out as an ex 
treme case.

The spring of 1977 was significantly warmer than the 
30-year average. This was a result of a weakening of the 
normally occurring East-Coast trough. A ridge existed 
over the East Coast and brought in warm air from the 
south (Taubensee, 1977). The trough was present along 
the coast during the following April but was weak in the 
latitude of the Delaware River basin (Wagner, 1977b).
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FIGURE 38. Average spring (March-May) temperatures at four stations in the Delaware River basin, 1950-79.
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AVERAGE SUMMER TEMPERATURE

Average summer (June-August) temperatures range 
from less than 64 °F in the northern part of the basin 
to over 74 °F in central and southern Delaware and in 
the Philadelphia area (figs. 40 and 41).

Summer is the season of minimal contrasts in temper 
ature between high and low latitudes; therefore, little 
chance exists for extremes of temperature to occur 
during a particular year.
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FIGURE 40. Average summer (June-August) temperatures at four stations in the Delaware River basin, 1950-79.
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August) temperatures in the Delaware River basin.
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AVERAGE FAEE TEMPERATURE

Fall (September-November) average temperatures 
range from less than 48 °F in the north to over 58 °F 
in Delaware (figs. 42 and 43). The Philadelphia area 
stands out as being relatively warm for the latitude.
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FIGLRE 42. Average fall (September-November) temperatures at four stations in the Delaware River basin, 1950-79.
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Temperature, in degrees 
Fahrenheit
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' '' FIGURE 43. Areal distribution of average fall (September- 
November) temperatures in the Delaware River basin.
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TEMPERATURE EXTREMES

Knowledge of typical diurnal variation in temperature 
for a month is sometimes more useful than a single 
monthly average temperature. Graphs of monthly 
averaged daily maximum and minimum temperature for 
three first-order stations are shown in figure 44. Average 
diurnal temperature range at all stations is slightly 
greater during the summer months than during the 
winter months, a result of greater average cloudiness in 
winter.
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FIGURE 44. Monthly averaged daily minimum and maximum temperatures at 
three stations in the Delaware River basin, 1950-79.
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Daytime cloud cover diminishes incoming radiational 
energy; the result is a lower daily maximum tem 
perature than under clear sky conditions. A cloud cover 
very effectively absorbs and reradiates terrestrial radia 
tion and thereby "traps" energy in the lower atmosphere 
(fig. 45). Daily minimum temperatures therefore tend to 
be higher under cloud cover than under clear sky con 
ditions.

Figure 44 also shows the absolute extreme daily max 
imum and minimum temperatures, that is, the highest 
and lowest temperatures recorded during a given month 
for the 1950-79 period. The greatest range between max 
imum and minimum values is associated with the winter 
months. These extreme temperature measurements 
represent short term, rather than persistent, conditions. 
The winter months, with great contrasts in temperature 
north and south of the basin, are associated with a 
higher probability of extreme temperature occurrences 
in either direction.

The graphs in figure 46 show the yearly time series 
of average daily maximum and minimum temperatures 
for the months of January and July for the years 
1950-79.
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FIGURE 45. Average frequency of days per month of temperatures equal to or above 90 °F and equal to or below 32 °F at
three stations in the Delaware River basin.
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The frequency with which a particular threshold value 
of temperature is exceeded is important for many 
climatic applications. The critical threshold may be 
related to the planning of outdoor work such as construc 
tion, to the design of a building heating or cooling 
system, or to the scheduling of agricultural activities. 
Because each application is associated with a different 
set of critical temperatures, it is not practical to include 
all possibilities here.

Graphs indicating the average frequency of days per 
year with temperature equal to or exceeding 90 °F and

Average Daily Maximum and Minimum Temperature -January
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the frequency of days with minimum temperatures of 32 
°F or below are shown in figure 47. The latitudinal trend 
is obvious. Wilmington, Del., averages 18 days of temper 
atures 90 °F or above per year; Allentown, Pa., averages 
14 days; and Binghamton, N.Y., averages 2 days. A 
systematic trend also appears in the frequency of days 
with subfreezing temperature. For example, the average 
number of days with minimum temperature of 32 °F or 
below is 102 for Wilmington, Del., 125 for Allentown, 
Pa., and 147 for Binghamton, N.Y. (fig 47).

Average Daily Maximum and Minimum Temperature -July

BINGHAMTON, N.Y.

IS 70
LU
cc 
e>
LU

0 60

50 52 54 56 58 60 62 64 66 

YEARS

70 72 74 76 78

ALLENTOWN,PA.

40

30

50 52 54 56 58 60 62 64 66 

YEARS

70 72 74 76 78

,_ ALLENTOWN.PA.

Minimum

50 52 54 56 58 60 62 64 66 

YEARS

70 72 74 76 78

WILMINGTON,DEL.
50

40

20

10

0 U i i I i i i i i i i i i i i i i i i i i i i i i i i i i i
50 52 54 56 58 60 62 64 66 68 70 72 74 76 78

YEARS

WILMINGTON.DEL

80

50 U
50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 

YEARS

FIGURE 46. Average daily maximum and minimum temperatures for January and July, 1950-79, at three stations in the Delaware
River basin.
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Number of Days with Maximum Temperature 90 °F or above

60 r BINGHAMTON, N.Y.

50

50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 

YEARS

Number of Days with Minimum Temperature 32 °F or below

180 r BINGHAMTON, N.Y.

120

60

50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 

YEARS

60

50

40

CO 
> 30

Q

20

10 

n

-

-

-

-

ALLENTOWN,PA.

-

r-  

-

-

r-i

 

r-

-

rn

~ ~

TJ
 

,  I

-

-

-

180

150

120 

CO

<t 90
Q

60

30 

n

ALLENTOWN,PA.

-

-

-

  

rn   I
pn

-

-
-|

-

-

50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 

YEARS

50 52 54 56 58 60 62 64 66 

YEARS

70 72 74 76 78

50

40

< 30
Q

WILMINGTON.DEL.

50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 

YEARS

120

CO
>. 90

WILMINGTON.DEL.

50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 

YEARS

FIGURE 47. Average frequency of days per year of temperatures equal to or above 90 °F and equal to or below 32 °F at three
stations in the Delaware River basin, 1950-79.
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HEATING DEGREE DAYS

The heating degree-day statistic was developed for use 
by the heating industry, and it relates outdoor air 
temperature to fuel consumption for heating purposes 
(figs. 48 and 49). A temperature of 65 °F is commonly 
used as a base value. Presumably, no heating is 
necessary when the average daily temperature is greater 
than 65 °F. Heating degree days for a day during which 
the average temperature is less than 65 °F are calculated 
by subtracting that average temperature from the base 
value. The heating degree-day total for the day with an 
average temperature of 45 °F would be 20.

The graphs on figure 49 show the average monthly 
distributions of heating degree days for the three first- 
order transect stations. Annual average heating degree- 
day totals for the 1951-79 heating seasons are 4,991, 
5,756, and 7,329 for Wilmington, Del., Allentown, Pa., 
and Binghamton, N.Y., respectively.

Time series plots of the annual total heating degree 
days for the same three stations are shown in figure 48.
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FIGURE 48. Total annual heating degree days for three stations in the Delaware River basin.
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PORTJERVIS, N.Y.

FREEZE-FREE SEASON

Another temperature-related climatic parameter 
relates not to the frequency with which a particular 
threshold value is exceeded but instead to the period of 
the year during which air temperatures remain above 
32 °F. It is often incorrectly termed the "frost-free" 
season. This term is inaccurate because frost formation 
occurs when the surface temperature, not the air 
temperature, reaches a critically low level and when at 
mospheric humidity and turbulence conditions are 
favorable. Frost will not always form when air 
temperature is below the freezing level. The freeze-free 
season is often equated with the growing season. Again, 
surface conditions are more important in determining 
growing conditions than is air temperature measured at 
screen height. Also, conditions favorable to growth vary 
according to plant species, so there is really no single 
definable growing season.

Graphs depicting the average length of the freeze-free 
season (fig. 50) and the average date of the last 32 °F 
temperature in spring, and first 32 °F temperature in 
fall (fig. 51) indicate substantial year-to-year variability.

Maps of these same three freeze-free season variables 
appear as figures 52-54.
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FIGURE 50. Daily length of the freeze-free season at four stations in the Delaware River basin, 1950-79.
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EXPLANATION

Date
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" FIGURE 52. Areal distribution of the average date of the last 
spring minimum temperature in the Delaware River basin.
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EXPLANATION
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FIGURE 53. Areal distribution of the average date of the ear 
liest fall minimum temperature in the Delaware River basin.
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EXPLANATION

Number of days
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" FIGURE 54.   Areal distribution of the average length of the 
freeze-free season in the Delaware River basin.
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PRECIPITATION

Although average monthly precipitation values in 
dicate little seasonality in amount, there is a distinct 
seasonality in precipitation-producing mechanisms af 
fecting the Delaware River basin. Migrating cyclonic 
systems are of greatest importance during the winter 
months. As the polar front shifts northward, during the 
warm season, moist Atlantic or gulf air is circulated into 
the region by the subtropical high pressure systems. 
Because of the convective nature of the resulting 
precipitation, summer rainfall patterns are less con 
tinuous than those of winter. Contributions by hur 
ricanes and other systems of tropical origin are also in 
cluded in warm season precipitation, in some years.

The most important local influence on precipitation 
receipt is terrain. Forced lifting of a moist air mass often

leads to precipitation on one side of a ridge and a 
precipitation "shadow" effect on the other. Within the 
Delaware River basin, the rugged Catskills have a 
3,500-foot elevation range and are associated with com 
plex precipitation patterns. Terrain effects are also im 
portant in the other upland areas of the basin (fig. 55). 

Maps and time series plots are provided for monthly 
and seasonal precipitation values. In each case con 
siderable year-to-year variability is evident. The mean 
and median values of the time series are presented with 
each graph. Often a marked difference exists between 
the two values because the distribution of precipitation 
values for a station is bounded by zero and tends to be 
positively skewed. The median precipitation value for 
many applications would be more representative of 
average precipitation conditions than would the cal 
culated mean.

FIGURE 55. Northeast-trending ridges at Palmerton, Pa., which are the significant landforms of the ridge-and-valley area of
the Delaware River basin.
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AVERAGE ANNUAL PRECIPITATION

Average annual precipitation values range from 40 to 
50 in. throughout the basin (figs. 56 and 57). The greatest 
spatial variability in average precipitation exists in the 
northern part of the basin, where terrain elements are 
significant.

The time series plots (fig. 56) indicate a range in an 
nual totals of 28.68 in. at Georgetown, Del., 35.04 in. 
at Indian Mills, N.J., 35.69 in. at Belvidere, N.J., and 
26.07 in. at Hawley, Pa.
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FIGURE 56. Average annual precipitation at four stations in the Delaware River basin, 1950-79.
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EXPLANATION

Precipitation, in inches
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^; .  .  i - r  i r, p1GURE 57 Areal distribution of average annual precipitation
in the Delaware River basin.
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AVERAGE DECEMBER PRECIPITATION

Average December precipitation ranges from 2.79 in. 
to 5.00 in. within the basin (figs. 58 and 59).

The high precipitation totals of December 1973 were 
related to a deep trough in the Central States 
(Taubensee, 1974). The dryness of December 1965 was 
due to the East-Coast trough being displaced to the east 
of its normal position along the coast (Dickson, 1966).
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FIGURE 58. Average December precipitation at four stations in the Delaware River basin, 1950-79.
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EXPLANATION

Precipitation, in inches
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FIGURE 59. Areal distribution of average December precipita 
tion in the Delaware River basin.
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AVERAGE JANUARY PRECIPITATION

Average January precipitation totals range from 2.40 
in. to 4.20 in. with the highest average values occurring 
in the northern part of the basin (figs. 60 and 61).

The annual time series plots (fig. 60) indicate great 
variability in individual monthly totals. At all stations, 
1978 and 1979 stand out as the 2 years of maximum 
January precipitation. Persistent upper air flow during 
these months resulted in the steering of a series of 
cyclonic systems along the Atlantic Coast. Warm, moist 
air moving over the Atlantic Ocean surface clashed with 
cold continental air to produce record snowfall and 
precipitation amounts along the East Coast.
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AVERAGE FEBRUARY PRECIPITATION

Average February precipitation values range from 2.30 
in. to 3.70 in. (figs. 62 and 63), with the higher values 
occurring along the eastern margin of the basin.
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AVERAGE MARCH PRECIPITATION

Average March precipitation falls in the 2.65-in. to 
4.57-in. range (figs. 64 and 65); the higher values occur 
in the eastern and central part of the basin.
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AVERAGE APRIL PRECIPITATION

Average April precipitation is greatest in the central 
area of the basin, where values generally fall into the 
4.00-in. to 4.40-in. range. Values taper off toward the 
north and south; minimum values are approximately 
3.00 in. (figs. 66 and 67).
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AVERAGE MAY PRECIPITATION

Average May precipitation totals range from 3.10 in. 
to 3.6 in. in the central and eastern portions of the basin 
(figs. 68 and 69).
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AVERAGE JUNE PRECIPITATION

Average June precipitation values range from 3.22 in. 
to 4.56 in. (figs. 70 and 71).

June 1964 was a dry month throughout the basin. A 
mean ridge was located over the Appalachians and a 
deeper than normal trough existed to the east. The 
Delaware River basin was in the low-precipitation por 
tion of the upper level wave form (Dickson, 1964).

High June precipitation amounts in 1972 were 
associated with Hurricane Agnes.
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AVERAGE JULY PRECIPITATION

Average July precipitation ranges from 3.23 in. to 4.95 
in. (figs. 72 and 73).

July 1969 stands out (fig. 72) as a month of extremely 
high precipitation amounts at all stations in the basin. 
During that month a persistent mean trough developed 
in the East and resulted in heavy precipitation in the 
Atlantic Coast States. Allentown, Pa., received 4.54 in. 
of rainfall during one 24-hour period and had a total 
rainfall that month of 10.42 in., making July 1969 the 
wettest there since records began in 1912 (Andrew, 1969).
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AVERAGE AUGUST PRECIPITATION

Average August precipitation ranges from 3.20 in. to 
over 5.00 in. within the basin (figs. 74 and 75).

On each of the time series plots (fig. 74), August 1968 
appears exceptionally dry. This was due to the 
dominance of a strong ridge over the Eastern United 
States during the month (Andrews, 1968).
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AVERAGE SEPTEMBER PRECIPITATION

Average September precipitation ranges from 3.29 in. 
to 4.72 in. (figs. 76 and 77).

The low precipitation received throughout the basin 
in September 1970 was the result of an upper level mean 
ridge affecting eastern States (Taubensee, 1970). Hur 
ricane Eloise contributed to the high precipitation totals 
of September 1975 in the southern part of the basin. Hur 
ricane Donna produced high precipitation amounts in 
September 1960.
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FIGURE 76. Average September precipitation at four stations in the Delaware River basin, 1950-79.
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AVERAGE OCTOBER PRECIPITATION

Average October precipitation values range from 2.58 
in. to 4.59 in. (figs. 78 and 79).

October 1963 was a dry month throughout the 
Delaware River basin. During that month, the 
700-millibar heights were above normal, and minimal 
air flowed into the area from the Gulf of Mexico the nor 
mal source of moist air during October (Green, 1964).
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FIGURE 78. Average October precipitation at four stations in the Delaware River basin, 1950-79.
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AVERAGE NOVEMBER PRECIPITATION

Average November precipitation ranges from 3.06 in. 
to 5.08 in. (figs. 80 and 81).

November 1972 was a wet month throughout the 
Delaware River basin. A deep trough in the central 
United States and a storm track south of normal pro 
duced high precipitation totals in the region (Dickson, 
1973).

November 1964 was a dry month at all Delaware River 
basin stations due to a persistent upper level ridge in 
the Eastern United States (Dickson, 1965).
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FIGURE 80. Average November precipitation at four stations in the Delaware River basin, 1950-79.
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AVERAGE WINTER PRECIPITATION

Average winter (December-February) precipitation 
ranges from 7.37 in. to 12.83 in. (figs. 82 and 83).

During the winter months of December 1978 through 
February 1979, the highest precipitation totals of the 
30-year period occurred at the three southernmost sta 
tions at the transect. Upper level circulation features of 
the 1978-79 winter were described in the section on 
average January precipitation.
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FIGURE 82. Average winter (December-February) precipitation at four stations in the Delaware River basin, 1950-79.
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AVERAGE SPRING PRECIPITATION

Average spring (March-May) precipitation ranges from 
9.01 in. to 13.55 in., with the highest values in the cen 
tral and eastern parts of the basin (figs. 84 and 85).

Time series plots of spring precipitation are shown in 
figure 84.
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FIGURE 84. Average spring (March-May) precipitation at four stations in the Delaware River basin, 1950-79.
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AVERAGE SUMMER PRECIPITATION

Average summer (June-August) precipitation (figs. 86 
and 87) ranges from 10.51 in. to 13.92 in. Figure 86 
shows the yearly values of summer precipitation for the 
four representative stations.
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FIGURE 86. Average summer Gune-August) precipitation at four stations in the Delaware River basin, 1950-79.
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AVERAGE FALL PRECIPITATION

Average fall (September-November) precipitation (figs. 
88 and 89) ranges from 9.37 in. to 14.42 in.

Figure 88 shows the time series plots of fall precipita 
tion for the four representative stations along the north- 
south transect in the basin.
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FIGURE 88. Average fall (September-November) precipitation at four stations in the Delaware River basin, 1950-79.
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SNOWFALL

Average annual snowfall increases from south to north 
within the Delaware River basin (figs. 90 and 91). 
Average yearly snowfall at Wilmington, Del., is 21.8 in.; 
Allentown, Pa., receives 32.5 in.; and Binghamton, N.Y., 
averages 85.1 in. The graphs on figure 91 indicate the 
monthly distribution of snowfall at the three stations.
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FK;URE 90. Total annual snowfall at three stations in the Delaware River basin, 1950-79.
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Great year-to-year variability in snowfall exists as in 
dicated by the time series plots (fig. 90). During the 
1950-51 through 1978-79 seasons, annual totals at 
Wilmington, Del., range from 1.2 in. to 49.5 in.; 
Binghamton, N.Y., totals range from a minimum of 52.0 
in. to 122.6 in.
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FIGURE 91. Average monthly snowfall at three stations in the Delaware River basin.



94 CLIMATIC; ATLAS OF THE DEI AWARE RIVER BASIN

BINGHAMTON, N.Y.

PRECIPITATION DAYS

Figure 92 shows for each of three first-order 
climatological stations the average number of days per 
month on which measureable precipitation amounts 
were recorded. The total number of precipitation days 
increases from south to north. Wilmington, Del., 
averages 116 days per year; the Allentown, Pa., station 
averages 123 days per year; and Binghamton, N.Y., ex 
periences 163 precipitation days per year. Of the three 
stations, Binghamton, N.Y., exhibits the greatest degree 
of seasonality in the monthly precipitation day totals, 
with the maximum number during the December 
through March period. Binghamton's high annual 
precipitation day and the seasonality of precipitation are 
due to the frequent occurrence of migratory lows af 
fecting the northern part of the basin. This low pressure 
system activity peaks during the winter months as the 
polar front shifts to its southernmost location.
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FIGURE 92. Average monthly precipitation days at three 
stations in the Delaware River basin.
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AVERAGE MONTHLY DEW-POINT TEMPERATURE

The dew point is calculated from psychrometric 
measurements made at first-order climatological sta 
tions. The graphs (fig. 93) show a slight decrease in 
average dew-point for each month along a south-to-north 
transect. This is a result of cooler average temperatures 
and the resulting diminished water vapor-holding 
capacity of the lower atmosphere along the transect. A 
seasonality in average dew-point temperature at each 
station is obvious. Again, this is a result of the annual 
course of air temperature and accompanying changes in 
the ability of the atmosphere to hold water vapor.
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FIGURE 93. Average monthly dew-point temperature at 
three stations in the Delaware River basin.
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CLOUD COVER THUNDERSTORM DAYS

Several measures of cloud cover are used in the 
climatic summaries published by the National Oceanic 
and Atmospheric Administration. The measurements 
plotted here involve classifying individual days into 
three categories based on daytime cloudiness. A day 
having 8 to 10 tenths cloud cover is considered "cloudy"; 
one having 4 to 7 tenths cloud cover is considered to be 
"partly cloudy"; and a day having 0 to 3 tenths cloud 
cover is classified "clear." Figure 94 shows the average 
percentage of days falling into these three categories by 
month for the 30-year period of study.

The total number of cloudy days per year increases 
from south to north, but the total clear days per year 
decreases. A definite seasonal component exists in these 
frequencies; at all stations there are more cloudy days 
in winter than in summer. This seasonality is most pro 
nounced at Binghamton, N.Y.

The time series plots (fig. 95) depict the summer 
(June-August) and winter (December-February) percent 
ages of clear days for the 30 years of records used in this 
study.

The graphs (fig. 96) indicate the average number of 
days per month during which thunderstorms occur. 
Thunderstorms are most common in the summer months 
when relatively intense surface heating combines with 
moist, unstable air masses to produce convectional 
storms.
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FIGURE 94. Monthly percentage of clear, partly cloudy, and cloudy days for three stations in the Delaware River basin.
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FIGURE 95. Annual percentage of clear summer and winter days at three stations in the Delaware River basin, 1950-79.
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FIGURE 96. Average days per month of thunder 
storm occurrence at three stations in the 

Delaware River basin.

CLIMATIC ATLAS OF THE DELAWARE RIVER BASIN

CLIMATIC WATER BUDGET

The preceding discussions have treated climatic 
variables individually, without consideration of the 
covariability of these terms in any fashion. One method 
of climatological analysis that does incorporate several 
climatic variables involves the calculation of water 
budgets.

Water-budget studies may be done at spatial scales 
ranging from local to global and at temporal scales 
ranging from daily to annual. The analyses presented 
here were performed on a monthly basis for individual 
climatic stations; the explanation that follows focuses 
on these scales.

In water-budget analysis, precipitation is treated as in 
put or "supply" to the environmental system. The 
primary "demand" is evaporation and transpiration, 
termed evapotranspiration. Potential evapotranspiration 
is defined as the amount of evapotranspiration occurring 
over a continuous vegetated surface with an abundant 
soil-moisture supply. It is a function of the amount of 
energy available to accomplish evapotranspiration.

In monthly water-budget calculations, when precipita 
tion exceeds potential evapotranspiration, the actual 
evapotranspiration for that month is considered equal 
to the potential amount. Excess water may be stored as 
soil moisture until the soil-moisture storage reaches an 
upper limit, known as the field capacity. Any additional 
precipitation excess is termed water surplus and may 
contribute to runoff or ground-water storage.

During a month when potential evapotranspiration ex 
ceeds precipitation, all precipitation goes toward actual 
evapotranspiration. Some water stored as soil moisture 
is also extracted to satisfy the climatic water demand. 
The contributions of precipitation and soil moisture to 
the actual evapotranspiration usually do not meet the 
entire water demand represented by the potential 
evapotranspiration. The difference between the actual 
evapotranspiration and the potential evapotranspiration 
is termed the water deficit for that month.

These basic water-budget calculations have been 
adapted for use in a variety of applications. Chief among 
these are agricultural studies, for which water budgets 
have been used for irrigation-scheduling and crop-yield 
predictions (fig. 97). Many hydrologic studies have incor 
porated water-budget calculations to forecast runoff and 
ground-water levels.

Calculation of Water-Budget Terms. The general water- 
budget approach described above and the procedures 
used in the calculation of the water-budget terms were 
developed by Thornthwaite (1948). More recently, Mather 
(1978) has elaborated on these procedures and has 
described many applications of water budgeting to prob 
lems in environmental analysis.
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Actual water-budget calculations require (1) long-term 
average monthly air-temperature data, (2) station 
latitude, (3) monthly temperature and precipitation data 
for the period of analysis, and (4) maximum possible soil 
moisture storage in the plant root zone. First, the an 
nual heat index / is calculated by

12

(1)
where ti = the long-term average temperature for the 
ith month of the year. The annual heat index, in turn, 
is used to evaluate the parameter a:

a = 6.75 x 10~ 7 / 3 -7.71 x 10~ 5 I 2

+ 1.792 x 10~ 2 7+0.49239. (2) 
The heat index and the parameter a were used by 
Thornthwaite to relate empirically collected evaporation 
data to air temperature. The monthly potential evapo 
transpiration (e) in centimeters is calculated for a 
12-hour day, 30-day month by

10T  "(T (3)

where Tis the monthly average temperature (°C). This 
unadjusted value is then corrected by allowing for the 
appropriate day length and number of days in a month. 
This final value is the monthly potential evapotrans- 
piration.

Precipitation data are used directly in the water- 
budget calculations and are compared to the calculated 
potential evapotranspiration data on a month-to-month 
basis. The final necessary piece of information for com 
pletion of the accounting procedure is related to the 
water-storage capability of the soil. This varies according 
to the soil texture; the finer textured soils have greater 
moisture-storage capacity than coarse textured soils. The

depth of the rooting zone of the plant cover also affects 
the total amount of water available for transpiration. 

Water-budget calculations have been made for all sta 
tions in the Delaware River basin that collect 
temperature and precipitation data. The purpose of this 
analysis is to provide a basis for comparison among these 
stations when climatic parameters derived from both 
temperature and precipitation are considered. All 
budgets have been calculated uniformly, assuming a 
maximum possible soil-moisture storage of 4.00 in. 
When soil-moisture stores are used to satisfy the poten 
tial evapotranspiration demand, it is assumed that the 
rate of water loss by the soil varies directly with the soil 
moisture content. A soil at field capacity readily releases 
water to transpiration; a soil nearly depleted of moisture 
does not readily release water. A final assumption relates 
to the treatment of precipitation that falls as snow. In 
the calculations that follow, all precipitation occurring 
in a month with average temperature of 32 °F or below 
(with zero potential evapotranspiration) is included as 
surplus for that month.

WATER BUDGET FOR 
THE DELAWARE RIVER BASIN

POTENTIAL EVAPOTRANSPIRATION

The maps that follow (figs. 98-107) depict average an 
nual potential evapotranspiration and individual 
monthly average values for all months having potential 
evapotranspiration values significantly different from 
zero. The annual potential evapotranspiration values 
throughout the basin range from approximately 23 in. 
to 30 in. (fig. 108). The values are clearly a function of 
temperature, albeit a nonlinear relation.

FIGURE 97. Truck gardening in the southern New Jersey coastal plain.
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FIGURE 105. Average September potential evapotranspiration 
in the Delaware River basin.
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WATER SURPLUS

The largest water surpluses of over 26 in. are 
calculated for the Catskills stations, where temperatures 
(and potential evapotranspiration) are relatively low for 
the basin and where precipitation totals are relatively 
high. The lowest values, less than 16 in., occur in the 
southern part of the basin. The extreme northwestern 
area of the basin is associated with relatively low water 
surpluses (18 to 22 in.) due to relatively low precipita 
tion receipt.

The water surpluses occur seasonally; the winter 
months are the times of high surplus (figs. 109-117). 
Figures 111, 113,115, and 117 depict the average water 
surplus over the basin for winter, spring, summer, and 
fall, respectively. Time series plots (figs. 110, 112, 114, 
and 116) for four stations along a north-south transect 
within the basin accompany the maps. Water surpluses 
dominate the winter and spring seasons. Average 
surplus values for summer are the result of a few in 
dividual years of water surplus being averaged with 
many years of no summer water surplus. In the fall, 
situations of water surplus are more common than in 
summer but some years of zero surplus have occurred.

FIGURE 108. Early morning fog passing through the Delaware River gap, resulting from the condensation of water in a 
cold air mass that descended into the valley during a clear, calm night.
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FIGURE 109. Areal distribution of average annual water 
surplus in the Delaware River basin.
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FIGURE 110. Average water surplus during winter (December-February) at four stations in the Delaware River basin.
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FIGURE 112. Average water surplus during spring (March-May) at four stations in the Delaware River basin, 1950-79.
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FIGURE 114. Average water surplus during summer Qune-August) at four stations in the Delaware River basin 1950-79.
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FIGURE 116. Average water surplus during fall (September-November) at four stations in the Delaware River basin, 1950-79.
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WATER DEFICIT

Periods of water deficit are concentrated during the 
summer months when potential evapotranspiration 
values are maximum (figs. 118 and 119). The map of 
average annual water deficit (fig. 119) indicates deficits 
of 4 in. in the southern part of the Delaware River basin 
and values of less than 2 in. in the north, where the an 
nual climatic water demand is less.

The drought years in the early 1950's and the 
mid-1960's appear in the time series plots of annual 
water deficit (fig. 118).

DROUGHT

Drought may be defined in many ways. Perhaps the 
most commonly used definition relates drought to 
agricultural activities; drought occurs when precipita 
tion is insufficient to provide for the water needs of 
plants. When considering drought within the Delaware

River basin, this definition must be expanded upon 
because agriculture is but one of the many activities that 
place a demand on the water supply of this highly 
populated region. A series of reservoirs have been con 
structed within the basin to store water surpluses that 
occur typically during the winter half of the year. These 
reservoirs serve to ensure water availability throughout 
the year for industrial and domestic purposes and for 
agricultural irrigation. Thus, winter precipitation is of 
critical importance to the water supply of the region, as 
is that of the summer growing season.

The Delaware River basin has been significantly af 
fected by drought during three episodes since 1950. The 
1952-55 period was characterized by unusually high 
summer temperatures over the entire country with 
relatively low precipitation totals. Namias (1955) related 
this to the extension of the Bermuda subtropical high 
pressure system across the Southern United States. This 
resulted in anomalous easterly and northeasterly flow
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FIGURE 118. Average annual water deficit at four stations in the Delaware River basin, 1950-79.
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components in the Gulf of Mexico area, which inhibited 
the flow of moist gulf air into the Northeast. Figures 
120A and 120B show the annual water deficits (Thorn- 
thwaite method) for the Delaware River basin for the 
years 1953 and 1954, respectively. These may be com 
pared with the average annual water deficits shown in 
figure 119.

A drought that was much less extensive than that of 
the early 1950's was felt primarily in the Northeastern 
United States including the Delaware River basin. This 
drought began in the summer of 1961, became severe 
in the fall of 1963, and lasted through the summer of 
1965 (Andrews, 1966). Namias (1966) attributes the dry 
conditions in the Northeast during this period to an 
eastward displacement of the trough off the Atlantic 
Coast and an accompanying shift of the major storm 
tracks. Figure 120C shows the annual water deficits for 
1964 as a representative example of conditions associ 
ated with this drought period.

The third drought affecting the Delaware River basin 
since 1950 began to develop in May 1980, when the 
Northeast was downstream from a major ridge that ex 
tended from western Canada into the North-Central 
United States. This resulted in relatively low precipita 
tion amounts for the month, particularly in the northern 
parts of the Delaware River basin (Taubensee, 1980a). 
During June and July, an amplified circulation 
developed having strong ridges at the 700-millibar level 
over the central Pacific, Central United States, and cen 
tral Atlantic; troughs were situated near each coast. Sub 
tropical highs extended over much of the southern part

of the country. This marked the beginning of the heat 
wave and drought conditions that charcterized the sum 
mer of 1980 for most of the United States east of the 
Rockies (Livezey, 1980; Dickson, 1980). The full impact 
of the 1980 drought was felt within the Delaware River 
basin during August, when the 700-millibar high 
pressure center shifted eastward. The Northeast ex 
perienced high temperatures, and precipitation within 
the Delaware River basin was generally less than half 
of average amounts. Philadelphia's average temperature 
of 80 °F for the month was the highest for August since 
1900. Allentown's rainfall of 0.93 in. was the lowest for 
August since recordkeeping began in 1923 (Wagner, 
1980). During September, anomalously high pressure re 
mained in the southeastern part of the country, and 
drought conditions continued in the Delaware River 
basin, particularly in the northern parts (Taubensee, 
1980b). Precipitation totals during October and 
November were closer to average values but still lower 
than normal (Dickson, 1981; Livezey, 1981). December 
conditions were devastating to the water supply situa 
tion of the Delaware River basin. Low precipitation 
amounts were the result of strong northwesterly flow 
that prevented gulf moisture from reaching the area. 
Much of the region received less than 25 percent of nor 
mal precipitation. Trenton, N.J., experienced the second 
driest December on record with a total precipitation of 
only 0.58 in. (Taubensee, 1981). Figure 120D shows the 
1980 cumulative water deficit, as calculated by the 
Thornthwaite method described earlier, for selected sta 
tions in the Delaware River basin.
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HURRICANES AND TROPICAL STORMS

The Delaware River basin is not within the major 
North Atlantic hurricane belt. Storms of tropical origin 
have entered the area, but in most cases they have 
traveled parallel to the coast, either on land or on sea, 
and the full intensity of the storm has not been felt 
within the region. Nevertheless, considerable damage 
has been attributed to these tropical storms.

By convention, tropical cyclones having maximum 
wind speeds of at least 39 mph but less than 74 mph are 
known as tropical storms; those with winds of at least 
74 mph are hurricanes. On the average, four tropical 
cyclones per year reach the mainland United States; two 
of these, on the average, reach hurricane strength. These 
systems originate in tropical latitudes, often as easterly 
waves, move westward, and then recurve toward the 
north or northeast. The systems move at 10 to 20 mph 
during formation and at speeds of 40 mph or more when 
fully developed (Baldwin, 1973; Dunn and Miller, 1960).

Dunn (1951) has recognized four major stages in the 
life of a typical hurricane. These are (1) the formative 
stage, which includes the development of the storm to 
the point where winds of hurricane strength occur; (2) 
the stage of immaturity, when the cyclone remains com 
pact while the pressure gradient increases; (3) the 
mature stage, during which the cyclone expands in area; 
and (4) the decaying stage marked by landfall and dis 
sipation or by northward movement and acquisition of 
extratropical characteristics.

In an average-sized hurricane, the diameter of 
hurricane-force winds is 100 mi; winds of gale force cover 
a 350-400 mi diameter, but great variability exists. The 
eye of the hurricane, which is an area of light winds, 
clear sky, and relatively warm temperatures, averages 
14 mi in diameter but has been known to range from 
4 to 25 mi across. Maximum wind speeds recorded at 
land stations during hurricanes exceeded 150 mph 
(Dunn and Miller, 1960).

Destruction associated with tropical cyclones occurs as 
a result of strong winds, storm tides, and heavy rainfall. 
Heavy rains and accompanying flooding have been the 
primary causes of tropical cyclone-related damage within 
the Delaware River basin.

Figure 121 shows the paths of hurricanes and tropical 
storms of the 1950-79 period that have affected parts 
of the Delaware River basin. Brief descriptions of the in 
dividual systems follow.

Hurricane Carol (August 26-31,1954) passed offshore 
in the Delaware River basin latitudes but did major 
damage in the Carolinas and in New England. The 
Delaware River basin was affected by heavy precipita 
tion and strong winds but escaped the major destruction 
experienced by the areas to the north and south 
(Winston, 1954; Davis, 1954).

Hurricane Edna (September 6-11, 1954) followed a 
path similar to that of Carol. The area of strong winds 
and heavy rainfall extended into the Delaware River 
basin, but again the area escaped the major damage of 
the storm (Malkin and Holzworth, 1954; Davis, 1954).

Hurricane Hazel (October 5-16, 1954) reached the 
South Carolina coast on October 15 and maintained 
unusually strong winds as it moved northward. The path 
was west of the Delaware River basin, but the entire 
region suffered extensive damage as a result of strong 
winds and heavy rains (Krueger, 1954; Davis, 1954).

Hurricane Connie (August 3-13, 1955) reached the 
North Carolina coast on August 12 and moved toward 
the Washington, D.C., area and into Pennsylvania. Dry 
weather preceded Connie, so the heavy rainfall associ 
ated with the storm did little damage and served to 
replenish the soil-moisture supply in affected areas (Gen 
try, 1956).

Hurricane Diane (August 10-19,1955) followed closely 
on the heels of Connie, reaching the North Carolina coast 
August 17. It then moved northward and eastward, af 
fecting areas that had recently experienced the passage 
of Hurricane Connie. Namias and Dunn (1955) attribute 
the unusual occurrence of "twin" hurricanes to an ab 
normally contracted circumpolar vortex. Although 
Diane was not a particularly intense storm, the torren 
tial rains that fell from eastern Maryland to 
southeastern New England resulted in major flooding 
of many streams, including the Delaware River and its 
tributaries. Resulting property damage earned Diane the 
nickname "the Billion Dollar Hurricane" (Gentry, 1956; 
Dunn and Miller, 1960).

Tropical Storm Brenda (July 28-31, 1960) moved into 
western Florida on July 28 and traveled along the Atlan 
tic Coast. The major effect of the storm in the Delaware 
River basin was heavy rain (Moore, 1961).

Hurricane Donna (August 29-September 13, 1960) 
reached Florida on September 10 and moved northward 
along the Atlantic Coast. The storm was associated with 
gale-force wind extending inland, heavy precipitation, 
and extensive property damage (McGuire, 1960; Tisdale, 
1960).

Tropical Storm Doria (August 20-29, 1971) reached the 
North Carolina coast on August 27 and moved along the 
Atlantic Coast to New England. Flooding was the ma 
jor cause of damage (Pardue and Hope, 1972).

Hurricane Agnes (June 14-22, 1972) entered the 
Florida panhandle on June 19. It intensified when it 
merged with a major extratropical storm. On June 21 
a secondary low developed west of the original center, 
and two lows moved northward. The system intensified 
to reach tropical storm status again over North Carolina. 
The lowest pressure recorded for Agnes was 977 
millibars just off the New Jersey coast. Precipitation 
totals for the storm were in the 10 to 14 in. range in
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EXPLANATION
Hurricanes and tropical storms affecting 
the Delaware River basin 1950 - 1979

    Carol (H) Aug. 25-31, 1954 
  Edna (H) Sept. 2-14, 1954
 - Hazel (H) Oct. 5-18, 1954
  Connie (H) Aug. 3-14, 1955
  Diane (H) Aug. 7-21, 1955
  Brenda(T)July 28-31, 1960
  Donna (H) Aug.29-Sept. 13, 1960 

Doria(T) Aug. 20-29, 1971
 - Agnes (H) June 14-22, 1972

Belle (H) Aug. 6-10, 1976 
(H) Denotes hurricanes 
(T) Denotes tropical storms

30

15'

FIGURE 121. Path of hurricanes and tropical storms that affected the Delaware River basin, 1950-79.
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eastern Pennsylvania. These rains fell on saturated soil, 
so that most of the damage of the storm was due to river 
flooding. Agnes was one of the largest June hurricanes 
of record, with a circulation diameter of 1,000 nautical 
miles. It was also the most costly United States storm 
with respect to dollar damages (Simpson and Hebert, 
1973).

Hurricane Belle (August 6-10,1976) moved over water 
parallel to the Atlantic Coast until making landfall on 
Long Island on August 10 The storm rainfall within the 
Delaware River basin was generally less than 2 in., and 
most damage was related to strong winds (Lawrence, 
1977).
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